The germ cells, and germ cell precursors, in the nematode Caenorhabditis elegans contain distinctive granules called P granules. During early embryogenesis, P granules are segregated asymmetrically into those blastomeres that eventually produce the germ line. Because of the correlation between P granule distribution and the development of the germ line, P granules are widely thought to function in some aspect of germ line specification or differentiation. Most of the analysis of P granule structure and localization has focused on the early embryo, when P granules are located in the cytoplasm. However, during most of development P granules are associated with germ cell nuclei. We report here an ultrastructural analysis of the nuclear-associated P granules in the germ cells of the adult hermaphrodite gonad. We show that P granules are tightly associated with nuclear pores and that the positions of certain structures within the P granules correspond to the positions of pores on the nuclear envelope. We present immunocytochemical and ultrastructural data suggesting that P granules can associate, or remain associated, with pore-like structures even after they detach from the nuclear envelope during oogenesis. Finally, we show that nuclear-associated P granules in the gonad contain RNA, complementing previous studies showing that cytoplasmic P granules in embryos contain RNA. © 2000 Academic Press Key Words: Caenorhabditis elegans; germ plasm; P granule; nuclear pore; annulate lamellae; germ line; germ cells; nematode; germ line granules; oogenesis.
INTRODUCTION
A widespread feature of animal development is the presence of distinctive cytoplasm in the region of the early embryo that eventually produces the germ cells; this cytoplasm is called germ plasm (for general reviews see Beams and Kessel, 1974; Eddy, 1975; Ikenishi, 1998; Wylie, 1999) . In Drosophila, germ plasm is localized to the posterior pole of the egg and, at cellularization, is incorporated into primordial germ cells, called pole cells (reviewed in Williamson and Lehmann, 1996; Rongo et al., 1997) . Germ plasm is found at the vegetal pole in the early embryos of amphibians such as Rana or Xenopus; in later cleavage stages, the germ plasm is restricted to a few cells that migrate to the genital ridge and become the primordial germ cells. In Caenorhabditis elegans, germ plasm components are distributed uniformly throughout the cytoplasm of the one-cell-stage embryo. During the early cleavages, these components become restricted sequentially to the single primordial germ cell that produces all the germ cells and only germ cells Wood, 1982, 1983; Wolf et al., 1983) .
Irradiation of the posterior pole of the Drosophila embryo, or of the vegetal pole of the Rana embryo, prevents the development of germ cells. However, fertility of the UV-sterilized embryos can be restored by the transplantation of germ plasm (Smith, 1966; Okada et al., 1974) . Moreover, ectopic placement of germ plasm in Drosophila embryos results in the ectopic formation of functional pole cells (Illmensee and Mahowald, 1974, 1976; Ikenishi et al., 1986; Niki, 1986; Lehmann and Nusslein-Volhard, 1991; Ephrussi and Lehmann, 1992) . Similarly, if single somatic blastomeres that are isolated from a 32-cell-stage Xenopus embryo are injected with germ plasm, they can differentiate into germ cells when transplanted into a second embryo (Ikenishi et al., 1986) . These results indicate that some property of germ plasm plays a determinative role for the germ cell fate.
Germ plasm contains distinctive proteins and RNAs, numerous mitochondria, and germ-line-specific cytoplasmic granules. Several genes have been identified in Drosophila and C. elegans that encode mRNA and protein products that are exclusively in, or are concentrated in, germ plasm. Many of these genes have roles in germ cell specification or development, though their molecular functions remain largely unknown. Examples include the C. elegans proteins PIE-1, MEX-1, GLH-1, GLH-2, PGL-1, MEX-3, and POS-1 Mello et al., 1996; Gruidl et al., 1996; Guedes and Priess, 1997; Kawasaki et al., 1998; Tabara et al., 1999) and the Drosophila proteins VASA, OKSAR, TUDOR, and STAUFEN (Hay et al., 1998a; Lasko and Ashburner, 1988; St Johnston et al., 1991; Ephrussi and Lehmann, 1992; Bardsley et al., 1993) . In Drosophila, mitochondrial large rRNA (mtlrRNA) appears to play a critical role in at least some of the determinative properties of germ plasm. MtlrRNA can restore some aspects of germ cell development to UV-sterilized embryos; pole cells are induced, although they do not develop further into germ cells (Kobayashi and Okada, 1989) . In addition, anti-mtlrRNA ribozymes can prevent the development of pole cells (Lida and Kobayashi, 1998) .
The germ line granules within the germ plasm are called P granules in C. elegans, polar granules in Drosophila, and dense bodies in amphibians. Because of the interest in the determinative properties of the germ plasm, most studies have focused on events that occur in oocytes and early embryos. However, the germ line granules appear to be present in germ cells, or germ cell precursors, throughout the entire C. elegans life cycle and throughout most of the Drosophila life cycle. Several proteins that are known to associate with germ line granules in the early embryo either are not present or are present at reduced levels at later developmental stages. These include the C. elegans proteins PIE-1, MEX-1, and POS-1 Guedes and Priess, 1997; Tabara et al., 1999) and the Drosophila proteins TUDOR and the long isoform of OSKAR (Bardsley et al., 1993; Markussen et al., 1995) . In Drosophila, mtlr-RNA is associated with the polar granules only until the pole cells are formed (Kobayashi et al., 1993) . Similarly, amphibian mtlrRNA is associated with dense bodies only until the blastula stage . Thus germ line granules appear to be dynamic structures and so may have multiple roles at different times in development.
In C. elegans the proteins GLH-1, GLH-2, and PGL-1 are found on P granules throughout the life cycle (Gruidl et al., 1996; Kawasaki et al., 1998) , and VASA-positive granules are present continuously in the Drosophila germ line (Hay et al., 1988a) . PGL-1 contains an RGG motif found in a wide class of RNA-binding proteins (for review see Burd and Dreyfuss, 1994) , and GLH-1 and GLH-2 are similar to VASA, an ATP-dependent RNA helicase (Roussell and Bennett, 1993; Gruidl et al., 1996; Hay et al., 1988a, b) . These observations suggest that germ line granules may, in general, have RNA-related functions.
In the early C. elegans, Drosophila, and amphibian embryos, the germ line granules are found in the cytoplasm. However, at other stages of the life cycle the germ line granules can be associated with nuclei. In Drosophila, polar granules become associated with nuclei once the pole cells are formed (Mahowald, 1971a; Hay et al., 1998a) . In C. elegans, P granules remain associated with germ cell nuclei as the gonad forms during larval and adult development and then detach from the nuclei and become cytoplasmic once again in oocytes Wood, 1982, 1983) . In a similar manner, the dense bodies of amphibians are associated with nuclei prior to becoming cytoplasmic (Eddy and Ito, 1971; Mahowald and Hennen, 1971) . Thus germ line granules are localized to nuclei through much of development, and so these granules may have nuclear-related functions. Cytoplasmic P granules in early C. elegans embryos have been examined previously at the ultrastructural level (Wolf et al., 1983) and by in situ hybridization studies for RNA (Seydoux and Fire, 1994) . To obtain a better understanding of the role of germ line granules throughout development, we have begun an ultrastructural characterization of the nuclear-associated P granules in the gonads of adults. We describe here a close association between the gonadal P granules and nuclear pores, and present evidence that components of this association may persist even after P granules leave the nucleus. Finally, we present data that the gonadal P granules contain RNA, suggesting that P granules contain RNA throughout the life cycle.
MATERIALS AND METHODS

Strains and Culture
Bristol strain N2 was used as wild type. The mutant fem-1(hc17) was obtained from the C. elegans Genetic Stock Center.
Immunostaining and Fluorescence Microscopy
Antibodies and antisera used were anti-nuclear pore antibody mAb414 (BABCO); anti-tubulin antibody YLY2 (Boehringer-Mannheim); the antibody IFA was used to visualize centrosomes (see Leung et al., 1999) ; P granules were visualized with either PGL-1 antiserum (Kawasaki et al., 1998) or the K76 antibody (Strome and Wood, 1983) .
Adult hermaphrodites were placed in 4 l of M9 (Brenner, 1974) on glass coverslips and cut to extrude the gonads. An equal volume of 2ϫ fixative solution (4% paraformaldehyde in 120 mM Pipes, pH 6.8, 50 mM Hepes, pH 6.9, 20 mM EGTA, 4 mM MgCl 2 ) was added immediately, and the coverslips were inverted and placed on Teflon-coated slides (Erie Scientific) that had been treated with 0.1% polylysine (Sigma). Slides were incubated at room temperature for 30 min and transferred to a metal plate on dry ice for 5 min or more. Coverslips were flicked off and the slides placed in Ϫ20°C methanol for 5 min. Slides were rinsed in TTBS [100 mM Tris-HCl (pH 7.5), 200 mM NaCl, 0.1% Tween] for 5 min, excess liquid was removed with a Kimwipe, and 8 l of primary antibody(s) was added. Slides were incubated overnight at 4°C in a humidity chamber saturated with TTBS, rinsed in TTBS, and incubated with secondary antibody. Slides were incubated for 2 h at room temperature and then rinsed in PBS (150 mM NaCl, 3 mM KCl, 8 mM Na 2 HPO 4 , 1.5 mM NaH 2 PO 4 , 1 mM MgCl 2 ). Nuclei were stained in PBS containing 0.08 g/ml DAPI for 15 min, rinsed in PBS, and mounted in 70% glycerol containing 2.5% Dabco (Sigma).
For the experiments shown in Figs. 1, 3A-3C, and 7A-7C, dissected gonads in M9 were frozen immediately on dry ice. The coverslips were removed, and the slides were processed through Ϫ20°C methanol for 5 min and Ϫ20°C acetone for 5 min and then rinsed in TTBS for 5 min; subsequent steps were as above.
Mitochondria were stained with MitoTracker red CMXRos (Molecular Probes). Dye stock consisted of 50 g of dye dissolved in 94 l of DMSO. Immediately prior to use, dye stock was diluted 1:100 in M9. Adult hermaphrodites were placed in 5 l of this solution on coverslips and cut to extrude the gonad. Coverslips were inverted and placed on Teflon-coated slides (Erie Scientific) that had been treated with 0.1% polylysine (Sigma). Slides were incubated for 30 s at room temperature and then transferred to a metal plate on dry ice for 5 min or more. Coverslips were flicked off and the slides placed in Ϫ20°C dimethyl formamide for 10 min and then rinsed twice in TTBS for 5 min. Excess liquid was removed with a Kimwipe, and slides were stained as above with the K76 antibody.
All images were acquired using a DeltaVision microscope and processed using deconvolution software (Applied Precision). Morphometric analysis of P granules was done using the DeltaVision software. Estimates of nuclear surface covered by P granules were made by measuring on electron micrographs contours of nuclear envelope that had, or lacked, contact with P granules.
Electron Microscopy
Adults were placed directly in fixative solutions [2.2% glutaraldehyde, 0.9% paraformaldehyde, 0.05 M cacodylate (pH 7.4), 0.09 M sucrose, 0.9 mM MgCl 2 ] and immediately cut to extrude the gonad. Gonads were fixed for 2.5 h at room temperature and then rinsed several times with 0.09 M sucrose, 0.05 M cacodylate (pH 7.4). Gonads were postfixed in 1% osmium, 0.8% potassium ferricyanide, 0.1 M cacodylate (pH 7.2) for 45 min at 4°C and then rinsed several times in 0.05 M cacodylate (pH 7.0). Gonads were treated with 0.2% tannic acid (Malinkrodt) in 0.05 M cacodylate (pH 7.0) for 15 min at room temperature and then rinsed several times in dH 2 O. Gonads were clustered on a 1% agar pad and covered with a drop of 1% agar. A small block of agar containing the gonads was cut out, placed in 1% uranyl acetate in 0.1 M sodium acetate (pH 5.2) for 1 h at room temperature, and rinsed three times with 0.1 M sodium acetate (pH 5.2) and then three times with dH 2 O. Specimens were dehydrated in a graded acetone series, embedded in Epon, and sectioned following standard procedures (Hyat, 1989) . Sections were collected on gold grids. Grids were floated individually, section side down, on single drops of freshly made 0.9% KMnO 4 in 0.1 M potassium phosphate buffer, pH 6.4 (stain was centrifuged immediately prior to use; see Hyat, 1989) , for 15 min at room temperature. Grids were rinsed four times on drops of ddH 2 O. Grids were blotted dry on filter paper and allowed to dry briefly at room temperature. Grids were stained on drops of filtered, half saturated (ϳ3%), aqueous uranyl acetate for 10 min at room temperature, then placed on drops of centrifuged and filtered Millonig's lead staining solution (2.5% lead acetate, 0.87% NaOH, 0.125% sodium potassium tartrate) for 2 min at room temperature. Grids were washed thoroughly with ddH 2 O and blotted on filter paper. Grids were placed in a 60°C oven for 5 min and then viewed on either a JEOL JEM-1010 or JEOL 100S transmission electron microscope.
In Situ Hybridization
Probe synthesis. SL1 probes used were anti-SL1 (CTCAAACT-TGGGTAATTAAACC) and SL1 (GGTTTAATTACCCAAGTTT-GAG). Probes were end-labeled with terminal transferase and digoxigenin-dUTP (Boehringer Mannheim) and used at a concentration of 1.0 g/ml in hybridization buffer.
Permeabilization and fixation. Gonads were dissected from gravid hermaphrodites on glass coverslips in PBS. The coverslips were inverted on a 0.1% polylysine-coated slide and frozen on dry ice. Fixation and hybridization were similar to the method of Seydoux and Fire (1994) with some modifications. After cracking off coverslips, slides were immersed in 100% methanol at Ϫ20°C for 5 min and washed twice for 5 min in PTw (1ϫ PBS, 0.1% Tween 20). Gonads were fixed for 20 min at room temperature in 3% formaldehyde in 90 mM K 2 HPO 4 (pH 7.2) and then washed twice in PTw, once in 2 mg/ml glycine in PTw, and two more times in PTw.
Hybridization. Hybridization buffer consisted of 7.7% formamide, 2ϫ SSC, 100 g/ml salmon sperm DNA, 50 g/ml heparin, 0.1% Tween 20. Gonads were prehybridized for 10 min at room temperature in a 1:1 mix of PTw and hybridization buffer and then incubated for 10 min at room temperature in undiluted hybridization buffer and finally for 1-2 h at 37°C in previously boiled hybridization buffer.
Probe was boiled for 10 min and put on ice prior to applying to slides. Gonads were overlaid with glass coverslips, sealed with rubber cement, and incubated 12-18 h at 37°C. After hybridization, gonads were washed at 37°C twice with hybridization buffer for 20 min, twice with 3:2 (hybridization buffer:PTw) for 20 min, twice with 1:4 (hybridization buffer:PTw) for 20 min, and twice in PTw for 20 min. They were then washed in TTBS at room temperature twice for 5 min.
Detection. Fluorescence detection was carried out using Cy3 anti-digoxigenin (Jackson Labs) at 1:200 dilution overnight. In most experiments, anti-PGL-1 antibody (Kawasaki et al., 1998) was included at the same time for overnight incubation. The next day, gonads were washed twice for 5 min in TTBS; a FITC-conjugated anti-rabbit secondary was applied to detect PGL-1. After two washes in TTBS, gonads were placed in PBS containing 0.08 g/ml DAPI and covered with mounting medium as above.
RESULTS
Background
The cytology of P granules has been described elsewhere Wood, 1982, 1983; Wolf et al., 1983) and will be reviewed here briefly. P granules are localized throughout the cytoplasm of the newly fertilized egg. At first cleavage, essentially all the P granules are partitioned into the posterior daughter blastomere. This pattern of asymmetric partitioning is repeated at each of the next four embryonic cell cycles; the successive daughter cells that receive the P granules are called germ line blastomeres (P 1 , P 2 , P 3 , and P 4 ). Beginning with the birth of the germ line blastomere P 2 , a few P granules are found associated with the nucleus. The number of P granules associated with the nucleus increases in P 3 , and by the time P 4 is born, most P granules are found on the nucleus. P 4 is the primordial germ cell and contains all the P granules in the embryo. In subsequent embryonic and postembryonic development, P 4 and its descendants divide symmetrically to produce the approximately 1000 germ cells of the adult gonad.
The adult gonad consists of two symmetrical arms, one of which is shown schematically in Fig. 1A (for a detailed description of the structure and development of the gonad, see Schedl, 1997) . Germ cells at the distal end of the gonad divide mitotically and then enter meiosis as they move toward the proximal end. Cell membranes incompletely surround each germ nucleus, linking the nuclei together in a large syncytium around a central cytoplasmic core. At the proximal end of the gonad, germ nuclei cellularize and differentiate as gametes (oocytes in the adult hermaphrodite). P granules are associated with nuclei throughout the distal and middle regions of the gonad, but disassociate from nuclei and become cytoplasmic at the proximal end ( Fig. 1 ; Strome and Wood, 1982) .
P Granules in the Germ Cells of Adult Gonads
We used an antiserum against the PGL-1 protein to characterize P granules in the gonad (Kawasaki et al., 1998) . P granules were associated with germ cells in the gonad, but were not present in any of the somatic cells that surround the gonad (data not shown). Virtually all P granules were closely associated with nuclei; a few P granules appeared close to, though separate from, a nucleus, and a few P granules were visible in the central core of the gonad (data not shown). P granules had irregular, approximately ellipsoidal shapes and varied considerably in size (arrows, Fig.  1B ). Most P granules had relatively broad, flat surfaces facing the nucleus. However, some P granules had the shape of an arch, appearing to contact the nuclear surface at one point and extending into the cytoplasm before contacting the nucleus again (arrowhead, Fig. 1B ; asterisk, Fig. 6C ). Although the vast majority of germ nuclei were surrounded by P granules, most gonads contained one or a few germ nuclei that lacked PGL-1 staining (arrow, Fig. 1C ). Several of these nuclei had the type of highly condensed chromatin (arrow, Fig. 1D ) that is characteristic of late stages of programmed cell death in the gonad (Gumienny et al., 1999) , suggesting that all germ nuclei lacking PGL-1 may be at some stage of necrosis.
We collected images of focal planes through entire nuclei to count the number of associated P granules. Because the nuclei in the proximal region of the gonad are older than nuclei in the distal region, we compared sets of three randomly selected nuclei in both regions. In the distal regions ( Fig. 1F ) of two gonads we found 36 Ϯ 9 and 31 Ϯ 5 P granules per nucleus, and in the proximal regions ( Fig. 1G ) we found 40 Ϯ 9 and 35 Ϯ 5 P granules per nucleus, respectively. In an intermediate region on a third gonad, we counted P granules on a set of eight closely adjacent nuclei (see Fig. 6 ) and found 29 Ϯ 1 P granules per nucleus. These results suggest that the numbers of individual P granules remain relatively constant, or increase slightly, as the nuclei of adult gonads age and become larger (compare Fig.  1F with Fig. 1G ). However, we note that the sizes of many of the P granules in the proximal region are much larger than most granules in the distal region, indicating that the amount of P granule material on the nuclei increases with time (see Discussion).
We wanted to compare the ultrastructure of the nuclearassociated P granules in the gonad with that of the cytoplasmic P granules in the germ line blastomeres of early embryos (Wolf et al., 1983) . Gonadal P granules proved difficult to resolve with the fixation and staining protocols used previously in the analysis of embryonic P granules, possibly because of the extremely dense cytoplasm that surrounds the gonadal nuclei (see below). However, our modified protocol (see Materials and Methods) increased the relative staining properties of the P granules, allowing them to be identified readily ( Fig. 2A) . For the present study, we examined by electron microscopy the P granules surrounding approximately 100 germ nuclei.
In the meiotic region of the gonad, each germ cell nucleus is surrounded by a plasma membrane that has a gap facing the central core of the gonad (arrowhead, Fig. 2A ; see also Fig. 1A ). Between the plasma membrane and a germ nucleus there is a relatively thin shell of very dense cytoplasm that contains numerous mitochondria, but very few organelles such as endoplasmic reticulum, Golgi, or lipid droplets ( Fig.  2A) . The shapes and heterogeneity in sizes of the P granules in our electron micrographs were consistent with our immunostained images, including examples of very small granules as well as of arch-shaped granules (data not shown). However, most P granules were simple ellipsoids. We found that the flat, broad surfaces of the P granules are in direct contact with the nuclear envelope and that most nuclei have slight indentations at these positions (Figs. 2A and 2B). The nuclear-associated P granules in the gonad appear to consist largely of a homogenous, fine, fibrillar, or granular material (Fig. 2B) , as do the cytoplasmic P granules described previously in embryos (Wolf et al., 1983) . However, almost all gonadal P granules contain distinct internal zones of high electron density that are roughly parallel to, and either near or adjacent to, the nuclear surface (open arrows, Figs. 2A, 2B, and 2D). In some P granules viewed at high magnification, this nuclear-proximal zone is seen to consist of distinct subdomains of variable shape (open arrow, Fig. 2D ). A few P granules contained additional, irregular foci of comparable electron density in more central regions (data not shown).
In early embryonic cells, the cytoplasmic P granules do not have any obvious association with centrosomes or microtubules (Wolf et al., 1983; Strome and Wood, 1983; Hill and Strome, 1988) , although proper P granule localization at the third embryonic cell cycle appears to require microtubule function (Hird et al., 1996) . In our analysis of gonadal, nuclear-associated P granules, we observed five cases where centrioles appeared to be embedded entirely within the matrix of a P granule (Fig. 2C) and several cases where centrioles were adjacent to P granules. In addition, one or more microtubules appeared to be embedded in, or adjacent to, about 15% of the P granules analyzed (data not shown).
Because our ultrastructural analysis was based on random, rather than serial, thin sections through gonads, we wanted to examine the distribution of these organelles further by immunostaining whole gonads for centrioles, tubulin, and for P granules. The antibody IFA has been shown to stain centrosomes in C. elegans, either on or near the centrioles (Leung et al., 1999) . We found that this antibody showed a single focus of staining associated with almost every germ cell nucleus; at high magnification the focus of staining often appeared to consist of two distinct spots, presumably corresponding to the two centrioles (see arrow, Fig. 3A) . No staining was visible on nuclei in the proximal regions of the gonad, where oocytes mature and lose their centrioles (data not shown). We observed a few examples of coincident IFA and P granule staining, consistent with our electron microscopic data that centrioles occasionally are localized within P granules. However, virtually all of the IFA-positive spots were very near P granules (Figs. 3A-3C ). In each of 75 nuclei analyzed, the focus of IFA staining was invariably less than 0.2 m from a P granule. These results suggest that the positions of centrioles are not independent of the positions of P granules (see Discussion). To examine the distribution of microtubules around germ nuclei, we stained gonads with an antibody against tubulin (Materials and Methods). A lattice of microtubules was observed around each germ cell nucleus (Figs. 3D-3F ). We observed several examples of microtubules that appeared to run through P granules (arrow, Figs. 3D-3F), consistent with our electron microscopic data. However, microtubules did not appear to be organized into any specific pattern with respect to the P granules; for example, P granules did not appear to be associated with the termini of microtubules.
Mitochondria are often found in close approximation to P granules in embryonic cells (Wolf et al., 1983) , and associations between mitochondria and germ-line-specific granules have been noted in several organisms (see Introduction). In electron micrographs, we observed 22 examples of mitochondria that were in direct contact with P granules ( Fig. 4A ; n ϭ 491 mitochondrial profiles), including 1 case where a mitochondrion was embedded in a P granule (data not shown). To further examine the spatial relationships between P granules and mitochondria, we stained live, dissected gonads with a fluorescent, activity-based dye for mitochondria (MitoTracker red; see Materials and Methods) and then fixed the gonads and immunostained for PGL-1 Pitt, Schisa, and Priess (Figs. 4B-4D) . Although P granules in general appeared close to mitochondria (arrows, Fig. 4D ), many examples could be found of P granules that did not have mitochondria in their immediate vicinity (long arrow, Fig. 4D ) and of mitochondria that did not have P granules nearby (arrowhead, Fig. 4D ). Thus mitochondria are close to, but usually not in direct contact with, P granules on the germ nuclei.
P Granules and Nuclear Pores
In our electron microscopic analysis we observed numerous nuclear pores in the regions of the nuclear envelopes that were directly adjacent to P granules (closed arrows, Figs. 2B, 2D, and 4A). Pores appeared throughout the region of contact between the P granule and the envelope, and up to 11 pores were visible beneath the largest P granules in single thin sections. The association between pores and P granules was particularly striking because neighboring regions of the nuclear envelope often appeared to have only a few, or no, pores (Fig. 2B) . We noted the locations of pores that could be scored unambiguously in a set of about 50 nuclei and asked whether or not each of these pores was adjacent to a P granule. Of 193 clearly defined nuclear pores, 75% were directly adjacent to P granules. Since we estimate that P granules occupy only about 30% of the nuclear surface (Materials and Methods), we conclude that P granules are associated with clusters of nuclear pores. Structures that appeared to be closely packed arrays of nuclear pores were observed frequently in tangential sections through the envelopes of germ nuclei (arrows, Fig. 2E ).
High-magnification images of the internal, electrondense, zones within P granules (see above) showed that the zones were most dense directly opposite nuclear pores. This relationship was evident in P granules where the electron dense zones were closest to the nuclear envelope (open arrow, Fig. 2D ). In P granules where the zones were farther from the envelope, the zones were less distinct; however, the intensity of staining remained greatest above the nuclear pores (open arrow, Fig. 2B ).
To further explore the relationship between gonadal P granules and nuclear pores, we used the monoclonal antibody mAb414 (Davis and Bobel, 1986) . This antibody was generated against rat liver nuclear pore complexes, and was shown to react primarily with three nuclear envelope proteins Blobel, 1986, 1987) . Subsequent biochemical and immunological studies demonstrated that mAb414 would cross-react with the nuclear pore components in other animals, including Drosophila and yeast (Aris and Blobel, 1989; Gigliotti et al., 1998) . Others have noted that mAb414 stains the nuclear envelope in C. elegans (Browning and Strome, 1996) , suggesting that this antibody might be a useful marker for nuclear pores. We found that mAb414 stains at the surfaces of all nuclei in C. elegans adults and embryos (data not shown). Tangential focal planes through the surfaces of an intestinal nucleus (Fig. 5A ) and an oocyte nucleus (Fig. 5B) showed a fairly uniform, punctate pattern of mAb414 staining. In contrast, germ cell nuclei in the gonad had a variable and much less uniform staining pattern; relatively large regions of the envelope showed low, or no, staining, and other regions showed intense staining (Fig. 5C) . Thus mAb414 has a pattern of staining at the nuclear surface that is consistent with our ultrastructural data suggesting a clustering of nuclear pores and supports the view that mAb414 recognizes one or more components of the pore complex in C. elegans, as it does in other animals.
We fixed and stained adult gonads with mAb414 and with the PGL-1 antiserum for a comparison of P granules and pores; we selected a region of the gonad for analysis that contained germ cells at the pachytene stage of the meiotic cycle (Fig. 6 ). We found a very strong correlation between the positions of P granules and the pattern of mAb414 staining. Cross-sections through nuclei showed that essentially all P granules appeared to be directly above regions of the nuclear surface that were stained intensely by mAb414 (arrows, Fig. 6C ). Tangential sections through the nuclear surface showed the same relationship (Fig. 6F) ; the nuclear proximal "base" of a P granules appeared to be directly over an envelope region stained by mAb414. From reconstruction of 9 immunostained nuclei, we scored the positions of P granules with respect to the regions of the nuclear surface that were stained by mAb414. Ninety-one percent of the 261 P granules scored had extensive overlap with an underlying region of intense mAb414 staining. An additional 5% contacted, but did not extensively overlap with, a region stained by mAb414. The remaining 4% of the granules were either very small or were granules that appeared to have separated from the nucleus. We thus conclude that P granules show a strong association with nuclear pores.
In tangential views of the nuclear surface (Figs. 6D-6F), the P granules and the regions stained by mAb414 both appear to be concentrated primarily where the pachytene chromosomes are not located; this reciprocal relationship was also apparent in electron micrographs (see asterisks in (asterisks, dark staining material in the nucleoplasm) located between a pair of P granules in both nuclei. (B) High-magnification view of a P granule on a nucleus. The light staining of this section allows the nuclear pores (arrows) to be resolved clearly. Five pores are visible beneath the P granule. Note the absence of pores in the nuclear envelope to the right of the P granule. A pore that is not associated with a P granule is visible on the left side of the panel. Open arrows indicate internal, electron-dense zones in the P granule as in A. Fig. 2A ). It is possible that there are specific attachment sites on the nuclear envelope for pachytene chromosomes and that these sites are excluded from the pore-rich regions.
However, we consider it likely that steric factors could influence the positions of these chromosomes: The nucleoli within the germ cell nuclei are extremely large ( Fig. 2A) so   FIG. 3 . Distributions of centrosomes, microtubules, and P granules. (A-C) Centrosomes and P granules. (A) A group of germ nuclei immunostained with IFA. The arrow points to a single centrosome; note that the focus of staining appears to be two closely spaced dots, presumably corresponding to the two centrioles (see Leung et al., 1999) chromosomes must be distributed within a very small shell of nucleoplasm. Since the nuclear envelope is indented at positions where P granules attach, and where pores are clustered, there is less nucleoplasmic space in those regions for chromosomes.
We examined mAb414 staining in the proximal region of the gonad, where germ nuclei pinch off from the common cytoplasm to become oocytes (see Fig. 1A ). During these stages, P granules detach from the nuclear envelope, and many appear to fragment into much smaller particles (Fig.  7B ). For example, over 100 small P granules can be seen in some mature oocytes, compared to the approximately 30 -40 nuclear-associated P granules in younger germ cells. We were surprised to find that mAb414 stained cytoplasmic foci that were directly adjacent to essentially all P granules as the P granules detached from the nucleus and became cytoplasmic (Figs. 7A-7C ). Most P granules had a single focus of mAb414 staining, though several had two or three distinct foci. The mAb414 antibody shows a low level of uniform cytoplasmic staining, but no comparable foci, in oocytes before P granules detach from the nuclear envelope. These observations suggest that the foci either form simultaneously with the detachment of P granules or represent nuclear envelope material that comes off with the P granules (see Discussion). Foci of mAb414 staining remained adjacent to cytoplasmic P granules during the subsequent maturation, and fertilization, of oocytes (data not shown).
Cytoplasmic foci of mAb414 staining were observed in all blastomeres in early embryos. In the germ line blastomeres, some of the foci appeared to be associated with P granules (Fig. 7D-7F ). We do not know if the P granules have stable associations with the foci in the germ line blastomeres, because the mAb414 staining is dependent on the cell cycle. During interphase, we detect numerous mAb414 foci in the cytoplasms of each of the germ line blastomeres; some of these foci appear to be in direct contact with P granules (an interphase P 2 blastomere is shown in Figs. 7D-7F ). During mitosis, mAb414 staining disappears simultaneously from both the nucleus and the cytoplasmic foci (a dividing P 2 blastomere is shown in Fig. 8 ). After division, cytoplasmic mAb414 foci reappear in both the somatic daughter and the germ line daughter. These foci in the somatic daughters may be derived from foci originally in germ line blastomeres or may arise de novo.
We used transmission electron microscopy to ask whether the cytoplasmic P granules in oocytes, and in the germ line blastomeres of embryos, were associated with pores. Using our fixation and staining protocol, the basic ultrastructure of cytoplasmic P granules in oocytes (Fig. 9A) and embryos (Fig. 9C) appears very similar to that of the nuclear-associated P granules in gonads. However, cytoplasmic P granules appear to lack the internal, highly electrondense zones observed in the nuclear-associated P granules. Cytoplasmic P granules are very frequently in direct contact with smooth, double membranes in oocytes (Fig. 9B ) and in the embryonic germ line blastomeres (Fig. 9D) ; except for contact with the nuclear envelope itself, most of the nuclear-associated P granules in gonadal germ cells do not contact membranes. We examined at high magnification the membranes associated with about 60 cytoplasmic P granules in oocytes to determine if they contained structures resembling nuclear pores. We did not observe any structures that could be identified unambiguously as pores by our morphological criteria; some of these double membranes appeared to have constrictions, but none of the constrictions had the dimensions of a normal nuclear pore (Fig. 9B) .
For reasons described in the Discussion, we also examined the membranes associated with the cytoplasmic P granules in oocytes from the strain fem-1(hc17). This is a strain that makes viable oocytes, but does not make sperm; fem-1 adults accumulate oocytes until they are fertilized by males (Nelson et al., 1978) . We found that the double membranes associated with P granules appeared more linear in the fem-1 oocytes (Figs. 9E and 9F) than in wild-type oocytes. Of 30 cytoplasmic P granules examined, 4 contained multiple structures that closely resembled nuclear pores (arrows, Figs. 9E and 9F) . Thus our ultrastructural results support the hypothesis that, at least in fem-1 adults, cytoplasmic P granules can associate with pores.
P Granules in Gonadal Germ Cells Contain SL1-Spliced RNA
Oligo(dT) probes have been shown to hybridize to P granules in the germ line blastomeres of embryos, suggesting that these P granules might contain mRNA (Seydoux and Fire, 1994) . In addition, probes for SL1, a transpliced leader commonly found on mRNAs in C. elegans (Krause and Hirsh, 1987; Becktesh et al., 1988) , show a punctate pattern in embryonic cells that has been hypothesized to correspond to P granules (Seydoux and Fire, 1994) . To examine whether the P granules in gonadal germ cells contain RNA, we hybridized fixed gonads with a probe for SL1 and subsequently immunostained for the P granule component PGL-1. Antisense SL1 probes showed intense hybridization throughout the central core of the gonad (not shown) and showed a punctate staining pattern around the germ cell nuclei at the perimeter of the gonad (Fig. 10A) . Almost all SL1-positive foci corresponded precisely to the position of P granules (compare Fig. 10B and Fig. 10D ). SL1-positive foci also were observed in the cytoplasms of oocytes (data not shown) and embryonic germ line blastomeres (arrow, Fig. 10I ), and these foci also were coincident with P granules (arrow, Fig. 10J ). No staining was observed in control experiments with sense probes for SL1 (Figs. 10E, 10F , and 10K), with vector probes lacking SL1 insert sequences, or with antisense SL1 probes after RNAse treatment of the gonad (data not shown).
DISCUSSION
In this report we have analyzed the nuclear-associated P granules in the germ cells of C. elegans adult hermaphrodites. Our principal findings are that P granules appear to be tightly associated with nuclear pores and that P granules contain SL1-spliced RNA.
Nuclear-Associated P Granules and Cytoplasmic Organelles
By electron microscopy, we found that a substantial fraction of P granules in adult gonads contained or contacted microtubules. We examined microtubules around P granules in whole, immunostained gonads and did not find any obvious pattern that would suggest P granules determine, or affect, microtubule organization. Instead, P granules appear to randomly intersect the complex lattice of microtubules that surrounds each germ nucleus.
It is conceivable that microtubules might polymerize through intact P granules. However, we consider it more likely that P granules encase previously existing microtubules through growth or fusion. Many, but not all, P granules on proximal germ cell nuclei appear much larger than do typical P granules on distal nuclei. Thus a subset of P granules could increase in size without an increase in the total number of P granules. Alternatively, the number of small P granules could be increasing with a compensatory fusion of small P granules into large ones. For example, the arch-shaped P granules we observed by both immunofluorescence and electron microscopy could represent fusion events between previously separate granules. Growing, or fusing, P granules might randomly envelope neighboring organelles, such as the microtubules, centrioles, and mitochondria we have observed within some P granules. It is less clear why almost all of the centrioles on germ nuclei should be closely adjacent to P granules. Since P granules are on the surface of the nucleus, one possibility is that centrioles encounter, and bind to, P granules during cell division; at each mitotic division of a germ cell, the centrosomes must divide and migrate across a nuclear surface that contains P granules.
Mitochondria are thought to be closely associated with germ line granules in several animals. In amphibians oocytes, mitochondria are frequently in direct contact with, or even embedded in, the germ line granules (dense bodies; Eddy and Ito, 1971) . Mahowald (1968) found polar granules attached to mitochondria in the oocytes and embryos of several species of Drosophila, and the TUDOR protein has been shown to be present in both mitochondria and polar granules (Bardsley et al., 1993) . We found relatively few examples of P granules in direct contact with mitochondria in the germ cells of C. elegans adults. Because the small shell of cytoplasm that surrounds each germ cell nucleus contains numerous mitochondria, all mitochondria are in relatively close proximity to P granules (see Fig. 2A ). Thus, direct contact may not be necessary for functional interactions between mitochondria and P granules. For example, the P granule components GLH-1 and GLH-2 appear to be ATP-dependent, RNA helicases, and thus they may require proximity, but not contact, with mitochondria for their ATP requirements.
Nuclear-Associated P Granules and Pores
Our electron microscopic results show that nuclear pores are not distributed uniformly over the surfaces of the germ nuclei in C. elegans gonads. Clustering of nuclear pores has been described previously for other types of animal cells, including the germ cells of rats (Mauleon, 1984; Cavicchia and Morales, 1992; Teigler and Baerwald, 1972; Dallai and Luporini, 1982) . We do not know whether the clustering of pores in C. elegans is functionally significant. However, the observation that virtually all P granules are found directly opposite a cluster of pores indicates that P granules are not associating with, or forming at, sites on the nuclear envelope at random. Instead, this result suggests that P granules might bind to, or assemble on, nuclear pores.
Almost all of the nuclear-associated P granules examined by electron microscopy contained internal, intensely stained zones that were opposite nuclear pores. Although the electron density of these zones is greatly enhanced by our fixation and staining procedures, we have occasionally observed similar internal zones in P granules after conven- tional glutaraldehyde/osmium fixation followed by uranyl acetate/lead citrate staining (our unpublished results). The observation that the zones are opposite nuclear pores suggests strongly that the structure or composition of the P granule is affected by the proximity of nuclear pores. At present we cannot distinguish between several possible origins for these zones. However, we favor the hypothesis that the zones correspond to material coming out of the nucleus, because the zones appear to become more diffuse the further they are from the nuclear envelope.
Previous ultrastructural studies on early amphibian oocytes have suggested a connection between germ line granules (dense bodies) and transport to, or from, nuclear pores (Eddy and Ito, 1971 ). In the small, primary oocytes of amphibians, the dense bodies appear as numerous, relatively small aggregates of material that are near, but not in contact with, the nucleus. Ultrastructurally similar material is found in irregular lines, described as "streamers," that extend between the dense bodies and the nuclear pores.
In larger, older oocytes, the dense bodies increase in size markedly and associate directly with the nucleus. The amphibian nuclei become indented at the regions of contact with dense bodies, as do the C. elegans nuclei where P granules are attached.
Cytoplasmic P Granules and Pores
We used the antibody mAb414 for our immunocytochemical analysis of pores, and several observations suggest that this antibody recognizes nuclear pores in C. elegans, as it does in other animals from mammals to yeast. mAb414 stains the envelope of all nuclei in C. elegans, and the nonuniform pattern of mAb414 staining on germ cell nuclei is consistent with our electron microscopic data that pores are clustered. Most importantly, mAb414 stains most intensely beneath (on the nuclear-proximal side of) P granules, where our electron microscopic data indicates that pores are clustered. Two major pore proteins recognized in rat nuclei by the mAb414 antibody are called p62 and NUP153 (Sukegawa and Blobel, 1993) . In preliminary experiments, we have identified potential C. elegans homologs for each of these proteins and inhibited their functions in late larval gonads using the technique of RNAi (see Tabara et al., 1998) . RNAi of the p62-related gene (F53F10.5) results in a marked and progressive decrease in the level of mAb414 staining toward the distal end of the gonad. RNAi of the NUP153-related gene (T19B4.2) does not eliminate mAb414 staining, but appears to cause the positively stained material to aggregate into large foci on the nuclear surface; P granules are localized above these same foci (our unpublished results). The observation that mAb414 staining is eliminated, or altered, by disrupting putative pore components is consistent with the view that mAb414 is recognizing pore components in C. elegans. However, these experiments have the significant caveat that inhibition of a major nuclear pore component could have nonspecific effects on the expression of unrelated proteins.
We have found that mAb414 stains foci associated with cytoplasmic P granules in both oocytes and embryos, after the P granules detach from the nuclear envelope. We do not think that this staining is due to a spurious cross-reactivity of the antibody with P granules for several reasons. First, the staining is adjacent to, rather than coincident with, P granules. Second, we have obtained identical results with a second, independently generated, antibody called mAbQE5 that reacts with the mammalian nuclear pore components NUP153, NUP214, and p62 (Pante et al., 1994; our unpublished results) . Finally, the cytoplasmic foci recognized by mAb414 show precisely the same cell-cycle-dependent staining as the nuclear epitopes: During mitosis, mAb414 staining decreases markedly, or disappears, simultaneously on the nuclear envelope and on the cytoplasmic foci. We therefore consider it very likely that mAb414 is recognizing pore-related material in the cytoplasm and thus propose that cytoplasmic P granules, as well as nuclear P granules, may associate with pores or pore components.
Structures resembling nuclear pores on cytoplasmic membranes have been observed in the germ cells of many animals and are called annulate lamellae (for review see Kessel, 1992) . Annulate lamellae can occur in stacks of up to 100 precisely aligned, pore-containing membranes or can be a single membrane. Interestingly, germ cells in several organisms show aggregates of material called "fibrous bodies" that are attached to annulate lamellae in the cytoplasm (Kessel, 1992) . In Drosophila, the fibrous bodies are thought to be derived from the polar granules and eventually become associated with germ cell nuclei (Mahowald, 1971a) .
With the electron microscope, we frequently observed cytoplasmic P granules in oocytes and embryos that were associated with smooth, highly convoluted, double membranes. In wild-type oocytes, we did not detect pore-like structures on these membranes. Since our ability to recognize a pore is critically dependent on the orientation of the pore relative to the plane of section, it is possible that such structures exist in wild-type animals, but were not scorable by our morphological criteria. However, we also did not observe annulate lamellae elsewhere in the oocyte cyto- plasm, nor are we aware of reports from other labs describing annulate lamellae in C. elegans.
Annulate lamellae are commonly observed in cells that remain quiescent for long periods of time, as do oocytes in most animal groups (Kessel, 1992) . In contrast, oocytes in wild-type C. elegans hermaphrodites are ovulated and selffertilized approximately every 23 min (McCarter et al., 1999) and immediately undergo extensive cytoplasmic and cytoskeletal changes in preparation for cell division. "Female" strains of C. elegans, like fem-1, lack sperm and so produce oocytes that can be quiescent for hours or days until mating and fertilization occurs. We found cytoplasmic P granules in fem-1 oocytes that were associated with membranes that contained pore-like structures. Although we do not yet know whether there is a qualitative difference between the cytoplasmic P granules in wild-type and fem-1 oocytes, we speculate that the membranous structures might have a greater opportunity to align in the relatively quiescent oocytes of fem animals, thus allowing pores to be identified.
The mAb414 antibody does not stain cytoplasmic foci in C. elegans oocytes prior to the detachment of P granules from the nucleus. P granules that are very close to, but visibly separated from, the nuclear envelope presumably have detached recently. The first such detached P granules already show one or more foci of mAb414 staining, and the foci do not appear to become larger the farther a P granule is from the nucleus. Therefore, a P granule may already contain the maximum amount of the epitope recognized by the mAb414 antibody as the P granule detaches from the envelope. These observations suggest that either the foci form very rapidly, simultaneous with the detachment of a P granule, or P granules must detach from the nucleus with some of the original pore components.
If P granules have an affinity for, but do not have a stable attachment to, nuclear pores, then binding to cytoplasmic pores might be a mechanism to ensure that P granules do not reassociate with the nuclear envelope after they detach. If instead P granules have stable attachments with pore components, it may be necessary to remove the pore, or components of the pore, from the nuclear envelope in order for P granules to detach. In future studies, it will be important to develop reagents that can track nuclear pore components through the entire cell cycle, to determine whether P granules have stable associations with pore proteins.
Foci of mAb414 staining are associated with many, but not all, of the numerous, small, cytoplasmic P granules that are present in the early germ line blastomeres. Interestingly, only a subset of these P granules is likely to associate directly with nuclei during the subsequent divisions of the germ line blastomeres. The final germ line blastomere, P 4 , contains a small number of very large P granules on the surface of its nucleus Wood, 1982, 1983; Wolf et al., 1983) . We consider it likely that these large, nuclearassociated P granules form by the coalescence of smaller P granules, because the increase in size is associated with a sharp decrease in the total number of P granules. P 4 and earlier germ line blastomeres appear to be transcriptionally quiescent (Seydoux et al., 1996) and are unlikely to synthesize new mRNAs for P granule proteins. Thus the possibility exists that the only cytoplasmic P granules that eventually attach directly to the nucleus are those that are associated with the foci stained by mAb414.
Some components of nuclear pores have been shown to bind DNA in other systems and thus pore complexes may have the ability to affect chromatin organization and gene expression (Sukegawa and Blobel, 1993) . If such components attach to P granules, an interesting possibility is that the asymmetric segregation of P granules during early embryogenesis could direct those components to the new germ cells, where they might contribute to germ-specific gene expression. Interestingly, the Drosophila, the germcell-less (gcl) gene has been shown to encode a protein that is associated with the nucleoplasmic side of the nuclear pore complex exclusively in pole cell nuclei (Jongens et al., 1992 (Jongens et al., , 1994 . Although the role of gcl in normal development is not yet clear, ectopic expression of the gcl protein in the anterior of the Drosophila embryo can initiate some aspects of pole-cell-specific differentiation (Jongens et al., 1994) .
RNA in Germ Line Granules
Our results suggest that about 75% of the nuclear pores in the C. elegans germ cells are associated with P granules. Thus the P granules potentially could interact with a substantial fraction of the macromolecules moving between the nucleus and the cytoplasm. Since the germ cells are synthesizing large amounts of mRNA, an obvious possibility is that some, or all, mRNAs might transit through, or accumulate in, the P granules. The dense bodies of amphibian oocytes are highly basophilic, and early cytochemical studies suggested that these bodies might contain large amounts of RNA (Blackler, 1958; Czolowska, 1969) . However, subsequent studies using nucleic-acid-specific stains and electron microscopy indicated that the dense bodies had, at most, low levels of RNA (Mahowald and Hennen, 1971; Eddy and Ito, 1971) . Similarly, incubation with labeled precursors showed incorporation of amino acids, but not nucleic acid, into the dense bodies (Eddy and Ito, 1971) . Instead, RNA appeared to be abundant in the aggregates of ribosomes that cluster around the dense bodies. In Drosophila, cytochemical studies demonstrated the presence of RNA in the cytoplasmic polar granules of oocytes and early embryos, but could not detect RNA in the nuclear-associated polar granules of pole cells (Mahowald, 1962 (Mahowald, , 1971b Mahowald and Hennen, 1971) . Although polar granules may not be rich in RNA, recent studies have identified a few RNAs that are in, or associated with, polar granules: MtlrRNA (see Introduction) is concentrated on the surface of polar granules (Kobayashi et al., 1993) , and a noncoding RNA transcript from the Pgc gene is localized to polar granules (Nakamura et al., 1996) .
In preliminary studies, we have asked whether RNA was abundant in the nuclear-associated P granules by staining with dyes that bind to RNA (acridine orange and Syto11-16). Although such dyes can stain the nucleolus and cytoplasm brightly, they do not stain P granules above the general level of the cytoplasm (our unpublished results). A previous study showed that P granules in embryos hybridized positively with probes for oligo(dT), suggesting that they contain poly(A) ϩ RNA (Seydoux and Fire, 1994) . In addition, they noted that probes for SL1, a transpliced leader found frequently on C. elegans mRNAs (Krause and Hirsh, 1987; Becktesh et al., 1988) , showed a punctate staining pattern in the embryonic germ line blastomeres. We have confirmed in this report that the punctate staining pattern corresponds to P granules in the germ line blastomeres and shown further that SL1 is present in the P granules of adult gonads and oocytes. Thus P granules appear to contain at least some RNA at all points in the life cycle.
An intriguing and unresolved question is the nature of the RNA(s) in P granules and whether their association with P granules is functionally important. Mahowald (1971b) proposed that polar granules in Drosophila might be a repository of mRNAs that were required for germ cell formation. In C. elegans, several maternally expressed genes have been identified that are essential for germ cell development in the early embryo (see Introduction). It is possible, though it has not been demonstrated, that these mRNAs might be present in P granules. However, it is clear that none of these mRNAs are localized exclusively to P granules; instead, these messages are abundant throughout the cytoplasmic, central core of the gonad. Thus it is possible that these mRNAs associate only transiently with P granules or that P granules contain other classes of mRNA.
In summary, we have shown that P granules in gonadal germ cells are closely associated with nuclear pores and that they contain RNA. Since P granules contain multiple, putative RNA-binding proteins, an attractive hypothesis is that the granules play a role in processing or packaging mRNA exiting the pore. P granules contain electron dense material that is located directly over the pores, consistent with the hypothesis that macromolecules are moving from the nucleus through the P granules. If P granules and nuclear pore components form germ-line-specific complexes for processing mRNAs, it may be necessary to remove them from the envelope prior to embryogenesis for proper somatic differentiation. Finally, our data suggest the interesting possibility that P granules and associated pore components could be segregated from one germ line, through the early embryonic cleavages, and into the next germ line.
